In this study, control of flow over a NACA2415 aerofoil which experiences a laminar separation bubble at a transitional Reynolds number of 2x10 5 is computationally investigated using blowing or suction. In an earlier flow control study which involved the use of a leading edge slat, both the experimental and computational studies demonstrated significantly delayed stall angles. For these flows, employing the recently developed k-k L -ω and k-ω SST transition models were shown to accurately predict the location of the experimentally determined separation bubble. In the present case, a single jet with a width of 2.5% the chord length is placed on the aerofoil's upper surface simulating the blowing/suction control at Re=2x10 5 and α = 8 degrees. Nearly 200 numerical simulations are carried out a range of parameters of jet locations, L jet , jet velocity ratios, R jet and jet angles, θ jet are investigated. In the numerical results of blowing/suction, it is shown that the smaller blowing results are better larger blowing velocity ratios while the largest suction results are better smaller suction velocity ratios independent of the suction jet locations. Paper: ASAT-13-AE-11
Introduction
Typical air speeds at high angles of attack for micro-air vehicles and Unmanned Air Vehicles (UAVs) involve transitional Reynolds number (Re) regime, where laminar separation bubbles appear on the suction surface of the wings. Delaying, eliminating or controlling such separation bubbles are important aircraft design issues, and measuring, modeling and predicting them are challenging research problems.
The objective of the flow control is to manipulate a particular flow field with a small energy input typically aiming to increase the lift and reduce the drag, to enhance the mixture of momentum, energy, and species, and to suppress the flow-induced noise. Examples of techniques to obtain these outcomes are: delay or advance transition, prevent or provoke separation, and suppress or enhance turbulence. The addition of suction or blowing controls in experiments will paradoxically require finer measurements of sensitive and smaller scale flows. Yet, they will increase the complexity of the overall flow accompanied with a further rise in the experimental error. Trying to repeat these experiments over a wide range of potential parameters necessary to determine the optimal performance conditions for an active flow control design would necessarily be expensive. The alternate approach is to use numerical simulation for more affordable, practical, and systematic solution.
In parallel with modern developments in experimentally capturing, measuring, and identifying the laminar separation bubbles that are typical in the low-speed flow regimes, improved prediction methods to account for transition mechanisms over wings have been devised. High performance computing capabilities make it possible to routinely use RANS based CFD methods for simulating transitional and turbulent flows. Today, state of the art RANS solvers frequently include practical one-or two-equation turbulence closure models [15] .
Transition predictions have also progressed by means of the e N method [9] , two-equation low Re-number turbulence models [13] , and early methods based on experimental correlations [8] . The e N method has been quite successful in practice and more or less has become the industry standard. Standard low-Re models have also shown success, though the wall damping terms' ability to capture important transition effects limits their use. Some early correlation-based models have become helpful tools for industry, although they have limitations due to their use of integral (or global) boundary layer parameters and thus not amenable to practical use in the RANS based methods.
Recently, transport equation models [22, 25] which rely on "local" data to circumvent some complicated procedures in the early methods, have been introduced. These methods solve several "transport" partial differential equations written for different transition quantities in addition to the baseline turbulence models. These models have been made available [24] in some commercial CFD codes. However, in the so-called "engineering transition model" [22] the correlations either remain proprietary [24] , or user-dependent [26] based on the available experimental data. In order to assess user-dependent transition correlations, Misaka and Obayashi [26] and Kaynak and Gurdamar [29] published some transition formulae.
Control of flow separation and transition point by means of different mechanisms such as using leading edge devices [14] , blowing, and suction have been quite extensively researched. Wu et al. [16] investigated control effects on a NACA 0012 airfoil with a local unsteady forcing (2.5% chord length width) located at 5% from the leading edge at the angle of attack from 18° to 35° with a 2-D RANS approach. Catalin [17] studied control effects on a NACA 0012 airfoil with synthetic jet array (10% width) located at 10% from the leading edge at the angle of attack of 13°. Hassan et al. [18] studied a synthetic jet located at 13% from the leading edge at the angle of attack of 0° and 5°. All of the above studies find that the synthetic jet and forcing/non-forcing (oscillatory/steady) suction/blowing on the aerofoil leading edge can increase lift and decrease drag. Shan et al. [30] studied subsonic flow separation over a NACA0012 airfoil with a 6° angle of attack and flow separation control with vortex generators. They investigated three cases including an uncontrolled baseline case, a controlled case with passive vortex generator, and a controlled case with active vortex generator. The size of the averaged separation zone has been reduced by more than 80%. It was shown that the flow control with active vortex generator was more effective and the separation zone was not visible in the averaged results. Huang et al. [23] presented the blowing and suction control on a NACA0012 airfoil under Re = 5×10 5 at angle of attack 18°. In this study, control of flow over NACA2415 aerofoil is computationally investigated using blowing/suction. A single jet with a width of 2.5% the chord length is placed on the aerofoil's upper surface simulating the blowing/suction control under Re=2x10 5 at the angle of attack of 8º. The jet width for blowing/suction is fixed at 2.5% chord length based on a study by Dannenberg and Weiberg [1] who showed that an increase of suction area beyond 2.5% chord length will not increase lift significantly. The critical values of blowing/suction locations (three locations; on 10%-before bubble, 26%-center of bubble, 36%-after bubble-the chord length), jet velocity ratios (0.003, 0.016, 0.032, 0.064, 0.156), and angles (30º, 45º, 90 o ) are discussed. Note that negative θ jet represents suction condition and positive θ jet indicates blowing condition.
Numerical Method

Flow solvers
Calculations were performed over the NACA 2415 aerofoil with blowing to study the laminar separation bubble and transition location. In an earlier work [32] [33] [34] [35] , baseline calculations using the single-and multi-element aerofoil configurations provide confidence in the CFD solvers by comparing the numerical results with experimental data. The freely-available prediction code, XFOIL [15] and the commercial code, FLUENT were used as a baseline codes.
The XFOIL code is a viscous-inviscid boundary layer interaction code which employs the industry standard e N method to model transition. The FLUENT code solves the Reynolds averaged Navier-Stokes equations using finite volume discretization. Second order upwind discretization in space is used, and the resulting system of equations is then solved using the SIMPLE coupled solution procedure until convergence criteria are satisfied. The convergence rate is monitored during the iteration process by means of the residuals of the dependent variables of the governing differential equations. A convergence criteria of O(5) reduction in all dependent variable residuals is accepted as adequate for the present aerofoil study. Convergence is also checked using the relative differences between two successive iterations for each of the integrated force and moment coefficients. A free stream turbulence level of Tu = 0.1% is used and the ratio of the turbulent to molecular viscosities is set to µ T /µ L =1 in the FLUENT calculations. Free stream boundary conditions are used in the upstream, downstream and outer boundaries. No-slip boundary conditions are used at solid surfaces.
Transition models
Laminar-turbulent transition plays a major role in low Reynolds number aerofoil predictions, including the formation of the separation bubble and its effect on the stall phenomenon. Until recently industry generally relied upon either low Re turbulence models [13] , or experimental correlations [8, 19, 20] which usually relate the turbulence intensity to the momentum thickness Reynolds number at transition onset. Early experimental correlation methods were commonly implemented within boundary layer type solvers as they lend themselves to global, or integral parameters in the boundary layer. The recent introduction of "engineering transition models", or the "transport equation models", have helped overcome certain restrictions emanating from the use of global parameters within RANS type solvers. Two such models were the correlation-based k-ω SST Transition Model of Menter et al. [22] and the kk L -ω transition model of Walters and Leylek [25] . Both models are suitable for straightforward implementatation within RANS methods as they solve additional transport equations for predicting transition phenomena that rely on local information only, in contrast with the global information, as used in the early methods.
The k-ω SST transition model [22] is based on two transport equations: the first is an intermittency equation (-equation), used to trigger the transition process; and the second is the transition onset momentum thickness Reynolds number (Re θt -equation) which is forced to follow experimentally-determined correlations. Correlations are user dependent, based upon the best experience of from individual laboratories, and various authors have tried to develop sensible correlations for different experimental cases [26, 29] . In this model, the Shear Stress Transport (SST) feature is linked to the transition model by coupling it with the k-ω SST turbulence model [28] . This is essentially a hybrid turbulence model that couples the standard k-ε and k-ω models in an efficient manner in which the k-ω model (in the near-wall region) and the standard k-ε model (in the far-field region) are blended together, including the modeling of transport of shear stress via modified definition of the turbulent viscosity.
The k-k L -ω model [25] is considered as a three-equation eddy-viscosity type, which includes transport equations for turbulent kinetic energy (k T ), laminar kinetic energy (k L ), and specific dissipation rate (ω). Presently, both methods are used selectively in the literature and are shown to produce successful results. In a recent paper, Cutrone et al. [28] have evaluated both the early correlation based models [8, 19] and the k-k L -ω model [25] for a number of twodimensional incompressible separated flows past a flat plate with semi-circular leading edge, and a three-dimensional T106 linear turbine cascade flow. Suluksna and Juntasaro [31] assessed the performance of the early correlation methods [23] and the transport equation based RANS methods [21, 22] against the European Research Community on Flow, Turbulence and Combustion Database (ERCOFTAC) [12] flat plate experimental test cases.
Blowing/Suction
In the study of the single blowing and suction jet control computationally investigated because the experimental study of the blowing/suction was expensive and difficult and three parameters are used in the investigation as shown in Fig. 1 . The parameters are the jet location, L jet , jet speed, V jet , and the blowing/suction angle, θ jet . θ jet is the angle between the local jet surface and jet entrance velocity direction. Note that negative θ represents suction condition and positive θ indicates blowing condition. A single jet with a width of 2.5% the chord length is placed on the aerofoil's upper surface simulating the blowing/suction to control of laminar separation bubble under Re=2x10 5 at 8 degrees. The jet width for blowing/suction is fixed at 2.5% chord length based on a study by Dannenberg and Weiberg [1] who showed that an increase of suction area beyond 2.5% chord length will not increase lift significantly. The critical values of blowing/suction locations (three locations, L jet ; on 10%-before bubble, 26%-center of bubble, 36%-after bubble-the chord length), R jet velocity ratios 
D. Solution Grid
The grid used for the single aerofoil is generated by the GAMBIT program, and is shown in Figure 2 . The grid extends from −10 chords upstream to 20 chords downstream. The upper and lower boundary extends 10 chords from the profile. The grid shown is a "C" like structured grid. Different size grids are used to ensure grid independence of the calculated results. This is achieved by obtaining solutions with increasing number of grid nodes until a stage is reached where the solution exhibits negligible change with further increase in the number of nodes. Consequently, the grid size giving the grid independent results are selected and the total number of cells is adopted as 35,000 nodes. 
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Results and Discussions
A. Numerical and Experimental Results of Single NACA 2415 Aerofoil
In order to validate the wind tunnel set-up in the low Reynolds number range, the NACA 2415 aerofoil was first tested by running the wind tunnel at 20 m/s, which gave a Reynolds number in the range of 2x10 5 . The angle of attack of the NACA 2415 aerofoil was adjusted in one degree intervals and the lift and drag moment coefficients. Figure 3 shows the lift coefficient (C L ) and drag coefficient (C D ) versus angle of attack (α) curve from the wind tunnel experiments and compares them with the numerical data calculated from the XFOIL and FLUENT codes at Reynolds numbers of 2x10 5 . The maximum lift coefficient defines the angle at which the aerofoil will stall and this is shown to vary with the wind tunnel. In Bath University [32, 33] , the stall occurred at the angle of attack of 12° where C Lmax = 1.33 whereas in TOBB ETU [34] [35] [36] at the angle of attack of 14° where C Lmax = 1.35. However, the XFOIL solution reflects the viscous-inviscid interaction approach with the e N transition method and is in good agreement with the experimental data in the linear region. The FLUENT solutions, which include the results of the low Reynolds number turbulence model, full turbulence models and transition models, are also shown. Firstly, the k- RNG model and the low Reynolds k-ω models were used as the baseline turbulence models to predict the performance of low Re and fully turbulent approach without transition. Secondly, the k-ω SST transition and the k-k L -ω transition models were used to predict the transition effects under the transport model assumption. In Figure 3 , all numerical approaches give reasonably good results against the experiment in the linear region, whereas discrepancy is noted as stall is approached. There are mixed results from the different models: the low Re number k-ω and k-ω SST transition models underpredict, and the fully turbulent k- RNG overpredict the stall. But, k-k L -ω transition model and the e N -XFOIL are in good agreement with the experimental data. In k-k L -ω transition model, the stall occurred at the angle of attack of 14° where C Lmax = 1.38 whereas in e N -XFOIL at the angle of attack of 14° where C Lmax = 1.29. Overall, the k-k L -ω model seems to be better than other transition models for predicting the lift.
The graph depicted in Figure 3 also shows the drag coefficient variations with the angle of attack. There is quite good agreement between the experiment and computations for low angles of attack. However, the experimental C D values are somewhat less than the numerical C D values at low angles of attack. Here, the small influence of the shear stress was not taken into account in the experimental C D . This is due to certain limitations which made it impossible to establish the skin friction drag and consequently all the drag coefficient results are pressure drag coefficients in the experiment. Figure 4 shows the numerical and experimental using hot-wire anemometer in TOBB ETU velocity profiles over the upper surface of the NACA 2415 aerofoil at the angle of attack of 8°. Individual figures clearly show the separation bubble and the adverse velocity profiles at various chordwise positions. Both transition models and the k-ω SST turbulence model predict more pronounced reverse flow regions, but the k- RNG turbulence model misses the separation bubble. As shown, the wall velocity gradient and the wall shear stress are zero at start of the separation (15%c). Beyond that location (the profiles from 20%c to 30%c), there is reverse flow in the boundary layer. Transition from laminar to turbulent flow within the bubble also involves a noticeable change in the shape of the boundary layer velocity profile. As shown in the 35% station, turbulent profiles are flatter, have larger velocity gradients at the wall, and produce larger boundary layer thickness than do the laminar profiles (10%c).
It appears that the k-k L -ω transition model better depicts the transition from laminar to turbulent flow with more pronounced velocity profiles and changing thickness of the separation bubble within the boundary layer.
Oil flow visualization is a relatively simple way of examining surface flow patterns. In order to display the separation bubble, the upper surface oil flow pattern for the NACA 2415 aerofoil at 8˚ are shown in Figure 9 . The oil flow experiment has identified a laminar separation bubble on the suction surface of the NACA 2415 around 30% chord. Figure 6 shows the pressure distributions over the single element NACA 2415 aerofoil at α = 8° without and with the blowing/suction. In an earlier experimental and computational work [32] [33] [34] [35] without blowing/suction, the pressure coefficient provided evidence of the separation bubble followed by re-attached flow, as observed in the oil flow pictures. A very slight increase and subsequent decrease in the experimental pressure curve is noticeable in the Figure 5 . The position along the chord of this pressure peak is 30%, similar to the location identified by the oil flow visualization photographs. The discussion above is supported by the skin-friction coefficients, as shown in Figure 6 . In Figure 6 and 7, the calculations done with the k-ω SST transition model with blowing and suction shows that the separation bubble is subsided and the pressure hump moves upstream. But, the calculations done with the k-k L -ω transition model with blowing and suction is not subsided the separation bubble. Consequently, the suction is better than blowing about elimination of the laminar separation bubble.
Angle of attack, 
B. Numerical Results of the NACA 2415 Aerofoil using Blowing/Suction
Unfortunately, no experimental work with blowing/suction for this aerofoil case is available under the above Ma and Re number conditions. Therefore, it is not possible to quantify the amount of change after the blowing/suction. However, at least on the qualitative grounds, it may be said that the effects of blowing are similar to expected results in which the blowing energizes the flow and alleviates the extent of the laminar separation bubble. Therefore, the underlying blowing/suction control mechanism appears to be the suppression of the separation bubble and the reduction of the upper surface pressure coefficients to increase lift and decrease the drag. Figures 8 and 9 show the lift/drag ratios without (base) and with the blowing/suction with different jet angles, velocity ratios and locations using both transition models. It is noteworthy that the smallest blowing results are better larger blowing velocity ratios independent of the blowing locations while the largest suction results are better smaller suction velocity ratios independent of the suction jet locations. Yet, these results are qualitatively quite consistent with some earlier numerical predictions [23] . Figure 10 depicts the streamlines, intermittency and velocity profiles over the NACA 2415 aerofoil with and without blowing/suction at α = 8˚ using the k-ω SST transition model. The effect of blowing/suction on the boundary layer transition point is displayed in which the k- SST transition model intermittency factor of  is used as an indicator. The intermittency factor of  having values less than one approximately indicates the extent of the laminar separation bubble. As shown in the figure, blowing/suction helps reduce the laminar flow region (on the right) as opposed to without blowing/suction (on the left). It appears that the onset of transition may have been pushed by 3% chord in the upstream direction from an approximate location of 29% (without blowing/suction, on the left) to 26% (with blowing/suction, on the right). The boundary layer velocity profiles in the same locations support the above conclusions that the blowing/suction suppresses the laminar separation bubble and help develop fuller boundary layer profiles. However, more attention is necessary here in order not to fall into self-deception because of the fact that 26% chord location is exactly where the jet blowing/suction occurs. This may very well be triggering the transition rather than altering the natural transition process. 
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Conclusion
Low Reynolds number transitional flow over a NACA 2415 aerofoil using blowing/suction has been investigated at Re = 2 x 10 5 . Oil flow visualization experiments revealed that the flow over the single NACA2415 aerofoil is characterized by a laminar separation bubble on the suction surface at approximately 30% chord. Numerical simulations, employed by the FLUENT, showed that the recently developed k-k L -ω and the k-ω SST transition models accurately predicted the location and extent of the separation bubble. The numerical and experimental using hot-wire anemometer in TOBB ETU velocity profiles over the upper surface of the NACA 2415 aerofoil at the angle of attack of 8° show clearly that the separation bubble and the adverse velocity profiles at various chordwise positions. Both transition models and the k-ω SST turbulence model predict more pronounced reverse flow regions, but the k- RNG turbulence model misses the separation bubble. Unfortunately, no experimental work with blowing/suction for this aerofoil case is available under the above Ma and Re number conditions. Therefore, it is not possible to quantify the amount of change after the blowing/suction. In the computational results, the blowing/suction control mechanism appears to be the suppression of the separation bubble and the reduction of the upper surface pressure coefficients to increase lift and decrease the drag. Furthermore, the smallest blowing results are better larger blowing velocity ratios independent of the blowing locations while the largest suction results are better smaller suction velocity ratios independent of the suction jet locations. Yet, these results are qualitatively quite consistent with some earlier numerical predictions [23] . Figure 10 . Distrubutions of a) the streamlines and intermittency b) the velocity profiles of NACA2415 aerofoil at α = 8° without and with suction (θ jet = -30º, R jet =0.032, L jet =%26c) and blowing (θ jet =30º, R jet =0.003, L jet =%26c) using the k-ω SST transition model
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